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Abst rac t - - In  this paper, we consider the effects of habitat fragmentation a d ecological invasion 
of exotic species on the survival of a native ndangered species, respectively. Different from the former 
studies, we pay attention on the more important situation in conservation biology that species live 
in a weak patchy environment in the sense that species in some of the isolated patches will become 
extinct without he contribution from other patches. We establish some foundmental permanence and 
extinction results on the basic and important nonautonomous diffusive Logistic model. In addition, 
by using these results, we consider the effect of an introduced species on the survival of a native 
species through competition. Biological implications ofthese results are discussed. (~) 1999 Elsevier 
Science Ltd. All rights reserved. 
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1. INTRODUCTION 
Rare and endangered species face extinction through a variety of mechanisms, including destruc- 
t ion and fragmentat ion of their habitats and ecological invasion of exotic species [1,2]. In this 
article, the following important  biological questions are approached using Lotka-Volterra diffusion 
models. 
1. How does the diffusion affect the survival of an endangered species? 
2. How does the introduced species affect the survival of a native endangered species through 
competit ion? 
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2 J. CUI AND L. CHEN 
Since the pioneering theoretical work by Skellem [3], many works have focused on the effect of 
diffusion on the persistence and stability of autonomous population systems (for example [4-8]). 
Recently, some authors have also studied the influence of diffusion on time dependent population 
models (see [9-14]). Assuming that the intrinsic growth rates are all continuous and bounded 
above and below by positive constants (this means that every species lives in a suitable enviro- 
ment), they obtained some sufficient conditions that guarantee permanence of every species and 
global stability of a unique positive periodic solution. 
However, the actual situation is not always like this. Because of the ecological effects of human 
activities and industry, the location of manufacturing industries, the pollution of the atmosphere, 
of rivers, of soil, etc., more and more habitats are broken into patches and some of the patches 
are polluted. In some of these patches, the species will go extinct without the contribution from 
other patches, and hence, the species live in a weak patchy enviroment. The living environments 
of some endangered and rare species such as the giant panda [15], alligator sinensis [16], and 
rana temporaria [17] are some convincing examples. This fact urged us to consider the effects 
of habitat fragmentation and ecological invision on the permanence and extinction of a single 
species living in a weak environment. 
In [18], we studied the effects of diffusion on the permanence and extinction of species living 
in weak but periodic environments. In the present paper, we consider the effects of habitat 
fragmentation and ecological invasion on a single species that obeys a general nonautonomous 
logistic population model. 
The organization of this paper is as follows. In the next section, we agree on some notations, 
give important definitions and state two lemmas which will be essential to our proofs. In Section 3 
the effect of habitat fragmentation is considered, and some foundational results are stated and 
proved. We obtain that the system can be made either permanent or extinct under different 
appropriate diffusion conditions, even if the corresponding isolated patches are not persistent. 
By using the main results of Section 3, we consider the effect of an introduced competitive 
species on the survival of a native species in Section 4. The biological meaning of the results 
obtained in this paper are discussed in Section 5. 
2. NOTATION,  DEF IN IT ION,  AND PREL IMINARIES  
In this section, we introduce a definition, some notations, and state some results which will be 
useful in subsequent sections. Let C denotes the space of all bounded continuous functions f : 
R --~ R and C+ is the set of all f e C such that f is bounded below by a positive constant. 
Given f in C, we denote 
fM = sup f(t),  fL = inf f(t), 
t_>o t>_o 
and define the lower average AL(f) and upper average AM(f) of f by 
fs t AL(f) = lim inf ( t - s )  -1 f(r) dT 
r--~oa t - s>r  
and 
respectively. If f C 
and AM(f), that is 
f s  t AM(f) = lim sup ( t - s )  -1 f(T) dT-, 
r - - *~ t - s>r  
C is w-periodic, then the average A~(f) of f must be equal to AL(f) 
fO 2 A~(f) = AL(f) = AM(f) = w -1 f(t) dt 
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DEFINITION. The system of differential equations 
= F(t ,x) ,  x E R ~ 
is said to be cooperative if the off diagonal elements of DxF(t, x) are nonnegative and competitive 
if the off diagonal elements are nonpositive, where DxF(t, x) is the n x n matrix derivative of F 
with respect o x. 
LEMMA 1. (See [19].) The problem 
ic = x[b(t) - a(t)x], x e C+ (1) 
has exactly one canonical solution U if a E C+, b E C, and AL(b) > O. Moreover, the following 
properties hold. 
(a) U is w-periodic (almost periodic) if a, b are w-periodic (almost periodic). 
(b) U is constant if b/a is constant. In this case, U = b/a. 
(c) u(t) - U(t) --+ 0 as t -+ oc, for any positive solution u(t) of equation (1). 
(d) (b/a) L <_ U <_ (b/a) M. 
LEMMA 2. (See [14].) Let x(t) and y(t) be solutions of 
= F(t, x) 
and 
= G(t, y), 
respectively, where both systems are assumed to have the uniqueness property for initial value 
problems. Assume both x(t) and y(t) belong to a domain D E_ R n for [to, tl] in which one of the 
two systems is cooperative and 
F(t, z) < G(t, z), (t, z) e [to, t,] × D. 
f ix(to) <_ y(to), then x(tl)  _< y(tl), f iE  = G and x(to) < y(to), then X(tl) < y(tl). 
3. THE EFFECT OF HABITAT  
FRAGMENTATION ON S INGLE SPECIES  
In this section, we consider the system as composed of patches connected by discrete diffusions 
with each patch assumed to be occupied by a single species as follows: 
n 
J:i = xi[b~(t) - ai(t)xi] + E Dij(t)(x/ - xi), (i = 1, 2 , . . . ,  n), (2) 
j= l  
where xi(i = 1, 2 , . . . ,  n), defined in R~_ = {(xl, x2, . . . ,  xn) E R n Ix1 > O, x2 >_ 0 , . . . ,  X n ~___ 0} ,  
is the concentration of species x in patch i. bi E C, a~, Dij c C+ (i ~ j)  and Dii(t) - 0. bi(t) 
is the intrinsic growth rate for species x in patch i; ai(t) represents the self-inhibition coefficient 
and Dij (t) is the diffusion coefficient of species x from patch j to patch i. 
If 1 < i, j < 2 and the functions a~(t),bi(t) are continuous and bounded above and below 
by positive constants, Wang, Chen and Lu [10] showed that the system is permanent for any 
continuous, nonnegative, and bounded iffusion rates Dij (t). In fact, by using an entirely similar 
argument as in Lemma 1 in [10], we can show that this result is also true for general system (2). 
However, the most endangered species live in weak environments. In order to protect these 
species, we should investigate an important question in conservation biology, namely, to what 
extent does diffusion lead to the permanence or extinction of species which could not persist 
within some isolated patches? This is the purpose of this section. 
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THEOREM 1. Given any ~ > 0 (i = 1, 2, . . . ,  n), the initial value problem 
xi = x~[bi(t) - ai(t)x~l + ~ D, j ( t ) (x j  - xi), 
j=l 
xi(0) = ~i, i , j= l ,2 , . . . ,n  
has a unique solution x(t) = (xl(t) ,x2(t) , . . . ,  x~(t)) which exists for all t >_ O. 
exists M > O, "r > 0 such that 
The region D = 
respect to (2). 
PROOF. Define 
0 < xi(t) <_ M, for t > r. (4) 
{(Xl,X2,...,x,~) I 0 < xi _< M, i = 1 ,2 , . . . ,n}  is positively invariant with 
Calculating the upper right derivative of V(x(t)) along positive solutions of (3), we have 
D+V < V max {bi(t) - ai(t)V}. 
- -  l< i~_n  
Denote M = maxl<_i<_n {IBM[ + e/aL}, where e is any positive constant. If V > M, then 
D+V <_ -eV.  Hence, there exists ~- = ~-(Xl(0),x2(0),... ,xn(O)) > 0, such that V(t) < M for all 
t > T, which means that xi(t) <_ M (i = 1, 2 , . . . ,  n) for all t > ~- if x(t) exists. But the ultimate 
boundedness implies that x(t) exists for all t > 0. Furthermore, 
~i [,~=o,~j>o = ~ D~j(t)xj > O, 
j= l  
:~i l~=M,z~>x~<_ M(bM-aLM)  <0. 
Hence, all solutions of (3) initiating in the boundary of D enter the region D for t > 0, so D 
is positively invariant with respect o (2). This completes the proof. 
A consequence of Theorem 1 is that for ~i > 0 (i = 1, 2 . . . .  , n), the solution of (3) is ultimately 
bounded above. We will show that this solution is also ultimately bounded below away from zero 
provided that one of the following conditions is satisfied. 
(H1) There exists i0 (1 _< i0 < n), such that AL(O) > O, where O(t) = bio(t ) - }-~.jn=l Dioj(t). 
(H2) AL(¢) > 0, where ¢(t) = minl_<i<n {bi(t) - ~jn__ 1 Dij(t) + ~jn__l Dji(t)}. 
THEOREM 2. Suppose that H1 or H2 holds. Then there exists 5i, 0 < 5i < M and T > O, such 
that solutions o[ (3) satisfies 
x i ( t )>6i ,  t>T,  i= l ,2 , . . . ,n ,  
where 6i (i = 1, 2,. . . ,  n) depend on Assumptions H1 and H2. 
PROOF 1. Suppose that H1 holds. We have 
(5 )  
> Zio [o ( t )  - a o(t)x,o]. 
By Lemma 1, the logistic equation 
= - (6) 
(3 )  
Moreover, there 
v(z(t ) )  = max {xdt)}. 
l<i_<n 
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has a unique positive globally asmptotically stable canonical solution ~(t) C [5io, f~o] where 5io = 
(O/a~o) L, k~o = (O/a~o) M. 
Let u(t) be the solution of (6) with u(0) = Zio (0). By Lemma 2, x~ o(t) > u(t) > 0. Take eio = 
5io/2. Then there exists Tio = T~o (xl (0), x2 (0), . . . ,  xn(0)), such that 
Then 
lu(t )  - ~(t )  l < %,  for t >_ Tio. 
Z~o(t) > u(t)  > e( t )  - ~o > v~o = ~o.  
- -  - -  2 
Moreover, for every j ¢ i0 we have 
M 2 ( --aj x j  -1- b L - 5cj > 
\ 
The algebraic equation 
gives us one positive root 
k=l ~ D~)  xj + DLo h,o = f(xj), for t > Tio. 
M 2 b L -- x j  -- Djiohio = 0 aj x j -  
k=l 
b L -~Dj  M+ b L -  D +4aM, DLo, 6~o 
k=l k--~l 
~j = 2a M 
Clearly, f(xj) > 0 for every positive number xj (0 <_ xj < 5:j). Choose 5j (0 < 5j < Yzj), 
~j Ixj=~j> f(hj) > O. Ifxj(T~o) >_ 5j, then it also holds for t >_ Ti0; ifxj(T~o) < ~j, then 
xj(Tio) >_ inf{f(xj) I0 < xj < ~j} > 0 
and there must exist Tj > Tio, such that x3 (t) _> ~j for t _> Tj. Therefore, (5) applies with r = 
maxl<j<_n Tj. 
PROOF 2. Suppose that H2 holds. Choose the function 
p ~- p (X l ,X2 , . . . ,Xn)  = Xl AcZ2 + ' ' ' '~Xn.  (7) 
Calculating the derivative of p along solutions of (2), we have 
/5 [(2) = bi(t) - E Dij(t) + Dji(t) x~ - E a~(t)x2 
i=1 j= l  j= l  i=1 
> p(¢(t) - a(t)p), 
where a(t) = maxl_<~_<n {hi(t)}. By Lemma 1 and H2, the logistic equation 
~? = v[¢(t) - a(t)v] (8) 
has a unique positive globally asymptotically canonical solution ~?(t) C ~),q] (0 < p < q), 
where p = (C/a) L, q = (C/a) M. Let v(t) be the solution of (8) with v(0) = ~in=_l xi(0). By 
Lemma 2, p(t) > v(t) > 0. Taking e = p/2, there exists T = T(xl(O), x2(O),..., xn(O)), such that 
Iv(t) - ~(t) l  < e, for t > T. 
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Then 
Hence, 
or 
x (t) +x2( t )  + . . .  +x . ( t )  > - > p _ [=~,  for t>_T.  
:~i = Xi [b i ( t ) -  j : l  ~ Di j ( t ) -  ai(t)xi + j= l  ~ Dij(t)xj  
Xi > --ai xi -- Dij + Do - + Do~, 
j=l 
for t > T and i = 1 ,2 , . . . ,n ,  where Do = minl<~,j<. {D L} > 0. 
iCj 
The algebraic equation 
a i x i -~- Dij + Do - - Do~ = 
j= l  
gives us one positive root 
(9) 
I( b L - Do - ~__ D~ M + b L - Do - D, M +4Dora  M : j= l  j= l  
z~ = 2a M , (i = 1 ,2 , . . . ,n ) .  
An argument similar to Proof 1 shows that there exists 5i (5i < M, i = 1, 2 , . . . ,  n) and T t (> T) 
such that (5) holds for ~- = T t. This completes the proof. 
Theorems 1 and 2 have established that under one of the Assumptions H1 or H2, there exist 
positive constants m and M such that solutions of (2) with positive initial values ultimately enter 
the rectangular rigion f~ = {(Xl,X2,...,Xn) I m < xi < M,  i = 1 ,2 , . . . ,n} ,  and therefore, the 
population is permanent. 
Applying the above theorems to a two-patches system, we obtain the following result. 
COROLLARY 1. I f  n = 2, let one of the following Conditions A1-A4  hold: 
(A1) AL(bl(t )  - D12(t)) > O, 
(A2) AL(b2(t) - D21(t)) > 0, 
(A3) bl(t) + D21(t) - D12(t) _> b2(t) + D12(t) - D21(t) and AL(b2(t) + D12(t) - D21(t)) > 0, 
(A4) b2(t) + D12(t) - D21(t) >_ bl(t) + D21(t) - D12(t) and AL(bl(t)  + D21(t) - D12(t)) > O. 
Then the population is permanent. 
REMARK 1. According to the proof of Theorem 2, if species x is permanent in a fixed patch i, 
then species x is also permanent in other patches for any diffusion rates Dji(t)  ( i , j  = 1, 2 , . . . ,  n). 
Assumption H1 implies that if the lower average of the sum of diffusion rates from patch j 
(j = 1, 2 , . . . ,  n) to patch i is less than that of the intrinsic growth rate of patch i (i ~ j) ,  then 
species x is permanent even if the isolated patch j is not persistent. 
Next we will consider the extinction of system (2). Denote 
Ecological Invasion on Population Sizes 7 
THEOREM 3. Suppose that f :~  ~(t) dt = -co.  Then the solutions of (2) satisfy 
x~(t) --~ O, i = 1, 2 , . . . ,  n, as t --+ +oo. (10) 
n PROOF. Consider the function p = ~i=1 x~ defined in Theorem 2, and calculate the derivative 
of the function p along solutions of (2): 
~ 1(2)= ~ bi(t) - Dij(t) + Dye(t) x~ - ~_, ai(t)x~ < ~(t)p. 
i=1 j= l  j= l  i=l 
Let u(t) be the solution of the equation 
with u(0) -- p(0). By Lemma 2, p(t) 
= 
<_ p(0) exp(Jo ~(~-) d~-). Since f :~  ~(t)  dt = -oc ,  we 
have p -+ 0 as t -~ +cx~. So xi(t) --+ 0 as t --+ +~.  This completes the proof. 
COROLLARY 2. If  n = 2 and the following Condition A5 or A6 holds, 
(Ah) b l (t) + D21 (t) - D12 (t) >_ b2 (t) + D12 (t) - D21(t) and f :~  [bl(t) + D21 (t) - O12 (t)] dt = - oc; 
(A6) bl(t )+D21(t) -D12(t)  < b2(t)+D12(t)-D21(t) and f :oo [b2(t)+D12(t)-D21(t)] dt = -0% 
then xi(t) --+ 0 (i = 1, 2) as t --~ +c~. 
In fact, Condition A5 or A6 implies ¢(t) = bl(t) + D21(t) - D12(t) or ~(t) = b2(t) + D12(t) - 
D21(t), respectively. Applying Theorem 3, the corollary is true. 
EXAMPLE 1. Consider a simple example that illustrates a biological consequence of the results 
in Theorems 1-3, consider the system 
[1  1 ] 
Xl = Xl 1 + ~ sint al(t)xl  + D12(t)(x2 - Xl), 
4+t  (11) 
[ 1 1 :i:2 = x2 -2  + ~ sint - a2(t)x2 + D21(t)(xl - x2). 
If the patches are isolated from each other, it is clear that species x will be permanent in patch 1 
and will be extinct in patch 2. Condition A5 holds if D12(t) - D21(t) <_ 1/2(3 - 1/4 + t) and 
f+~ [1 + 1/4 sint + D21(t) - O12(t)] dt = -~o. Corollary 2 implies that system (11) goes extinct. 
This means that if the inherent net birth rate of speces x in patch 2 is negative and small enough, 
then the stabilizing effect in system (11) is weaker than the destabilizing influence and causes 
the overall system (11) to go extinct. On the other hand, if AL(D12) < 1, then A1 holds. By 
Corollary 1, system (11) is permanent for any diffusuion rate D21(t) > O. 
REMARK 2'. The above conclusion implies that the diffusion rates play an important role in the 
determination of the permanence and extinction of species x in a patchy environment. We can 
choose appropriate diffusion rates causing system (2) either to be permanent or to go extinct. 
4 .THE EFFECT OF  ECOLOGICAL  
INVASION ON NAT IVE  SPECIES  
In this section, we introduce an exotic competition species y into some patches which are 
occupied by native species x. Assume that species x and y obey the following Lotlm-Volterra 
diffusion model: 
n 
~c~ = x~[bi(t) - ai(t)xi - ci(t)y~] + E D~j(t)(xj - x~), 
j= l  
9~ = yi[di(t) - ei(t)xi - qi(t)yi] + ~ Aij(t)(yj - y~), 
(12)  
j= l  
i = 1 ,2 , . . . ,n ,  
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where Yi is the concentration of species y in patch i, and ci(t), ei(t) and Aij(t) are all nonnegative 
and bounded continuous functions. In addition, di c C, qi c C+, and Aii(t) =- O. We will consider 
the effect of the introduced species y on the survival of the native species x. 
THEOREM 4. Let (x~(t),... ,x~(t),y~(t), . . . ,y~(t)) be a solution of (12) with positive initial 
conditions. Then there exist positive constants Nxi, Ny~, and 7-1, such that 
O < x~(t) < N~i,O < yi(t) <_ Nyi, i = l ,2 , . . . ,n ,  t > ~-l. 
PROOF. Obviously, R~ n is a positive invariant 
tion (x l ( t ) , . . . ,  xn(t), y l ( t ) , . . . ,  y~(t)) of (12), we 
(13) 
set of system (12). For every positive solu- 
have 
Tt 
xi <- xi[bi(t) - ai(t)xi] + E Dij(t)(xj - xi), 
j= l  
Yi <- yi[di(t) - qi(t)yi] + ~ Aij(t)(yj - Yi), 
j= l  
i , j  = 1,2 , . . . ,n .  
By Lemma 2 and Theorem 1, there exists T1 > 0, such that 
0 < xi(t) <_ N~i, 0 < yi(t) < Nyi, 
for i = 1,2, . . .  ,n and t _ T1, where Nxi = maxl___i<, {IbMI + ~/aL}, Nyi = maxl<i<n (]dMI + 
c/q L } and e be any positive constant. This completes the proof. 
THEOREM 5. PART 1. Suppose that Assumption H3 or 114 holds. 
(H3) There exists io (1 < io <_ n), such that AL(81) > O, where ~l(t) = bio(t) - Cio(t)Nyio - 
Ejn=l Dioj (t). 
(Ha) AL(¢I) > 0, where ¢1(t) = minl<i<~ {bi(t) - ci(t)Nyi - E jn l  Dij(t) + ~j'~=l Dji(t)}. 
Then there exist (xi(O < (~i <_ N~i) and 72 >_ T1, SUCh that 
xi(t) >_ (xi, for i = 1,2 , . . . ,  n, t > 72. (14) 
THEOREM 5. PART 2. Suppose that Aij(t) (i # j) is continuous and bounded above and below 
by positive constants, and Assumption H5 or H6 holds. 
(H5) There exists io (1 <_ io <_ n), such that AL(02) > 0, where 82(t) = dio(t) - eio(t)Nxio -
E j\l 
(H6) AL(¢2) > 0, where ¢2(t) = minl_<i<~ {di(t) - ei(t)Nxi - Ejn=l Aij(t) + Ej~=I )~ji(t)}. 
Then there exist (yi (0 < (yi <- Nyi) and T 3 ~ T2, SUCh that 
yi(t) >_ (yi, for i = 1 ,2 , . . . ,n ,  t > T3. (15) 
PROOF 1. By Theorem 4, there exists T1 > 0, such that 
5ci >_ xi[b~(t) - ci(t)N~i - ai(t)x~] + ~ Dij(t)(xj - x~), t >_ ~-1. 
j= l  
Let (u l ( t ) , . . . ,  u,~(t)) be the solution of the following initial value problem: 
iti = ui[bi(t) - ci(t)Ny~ - ai(t)ui] + ~ Dij(t)(uj - ui), 
j= l  
u~(~-l) = xi(~'l), i = 1,2, . . .  ,n. 
(16) 
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By Theorem 2 and Lemma 2, there exists ~xi (0 < ~xi _< Nxi) and T2 (T2 >_ ~h), such that  
xi(t) >_ (xi, for t _> T2 
provided Condit ion H3 or H4 holds. 
The proof of Theorem 5, Part  2 is entirely simiar to Part  1, so we omit it. This completes the 
proof. 
Next we will consider the extinction of species x. Denote 
- -  max  b (t) - - + Dj (t) . 
l< i<n 
j= l  j= l  
THEOREM 6. Suppose that f :oo x(t) dt = -oe.  I f  H5 or H6 holds, then solutions of (12) satisfy 
lim xi(t) = 0, (i = 1 ,2 , . . . ,n ) .  
t---*+oo 
PROOF. By Theorem 5, we have 
~ < xi[bi(t) - ci(t)¢ui - ai(t)xi] + ~ Di j(t)(xj  - xi), for t >__ T3. 
j= l  
Let (vl ( t ) , . . . ,  vn(t)) be the solution of the following initial value problem: 
n 
ij~ = vi[bi(t) - ci(t)¢ui - a~(t)v~] + E Dij (t)(vj - vi), 
j=l (17) 
Vi(T3 ) "~ Xi(T3) , i = 1, 2,..., n.  
By Theorem 3 and Lemma 2, we obtain the desired result. 
EXAMPLE 2. For simplicity, we consider the following periodic patchy competition system: 
JXl = xl ( l  s in t -  xl  - y l )  + D12(t)(x2 - xl),  
) x2 = x2 + ~ sint - x2 - Y2 + D21(t)(xl - x2), (18) 
~)1 = y1(3 + cost - xl  - Yl), 
~)2 = y2(3 + cost - x2 - Y2), 
where D12(t) and D21(t) are 27r-periodic functions. 
Without  the invasion of the competit ion species y, we have 
Jxl = xl ( l s in t - -  x l )  + D12(t)(x2 - xl),  
(19) ) x2=x2 +~ s in t -x2  +D21( t ) (x l -x2) .  
By Corollary 1, species x is permanent provided 
1 
D21 - D12 ~ ~ and A2~(D21 - D12) :> 0. (20) 
Moreover, for any positive solution of (18), there exists 71 >_ 0, such that  
xi(t) < 1, for t ~ T 1. 
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Next we consider the influence of the invasion species y on the survival of the native species x. 
Yi -> yi(2 + cost - Yi) >_ yi(1 - Yi), t > T1. 
Hence, there exists 72(T2 _> T1), such that yi(t) > 1/2 (i = 1, 2), and so we have 
3~1 --<~ Xl -- -~- ~ sint -- x I -~- n12(t)(x 2 - Xl) , 
:c2 ~ x2 ( l  s in t -  x2)  + D21(t)(xl - x2), 
for t _ T2. By Corollary 2 and Lemma 2 or Theorem 6 directly, species x goes extinct under the 
condition (20). 
5. D ISCUSSION 
In this paper, we considered the effects of diffusion and invaded competitive species on the 
permanence or extinction of an indigenous pecies. In Section 3, we find that habitat fragmenta- 
tion is a major factor in the dertermination of the permanence or extinction of the endangered 
species. Habitat fragmentation can make the species x either permanent or extinct in every patch 
depending on the choice of the diffusion rates. Within the context of the model (2) used here, 
Theorems 1-3 of this paper show that an endangered species can avoid extinction by choosing a 
suitable diffusion rate. 
In Example 1, species x will be permanent in patch 1 and go extinct in patch 2 if the patches 
are isolated from each other. If we restrict the diffusion rate from patch 2 to patch 1 small 
enough so that  it satisfies AL(D12) < 1, then the species x will be permanent. On the other 
hand, species x will go to extinct if we restrict the diffusion rates varying in the narrow region 
D12(t) - D21(t) _< 1/2(3 - 1/4 + t) and f+oo [1 + 1 /4s in t  + D21(t) - D12(t)] dt = -oo .  Hence, 
dispersal plays an important role on the survival of an endangered species. 
In Section 4, we introduced an exotic competit ion species y into some patches which were 
occupied by native species x. The effect of species y on the survival of species x is profound and 
lasting. The exotic competit ion species can make the native species either permanent or extinct 
in different diffusion conditions. In particular, Example 2 implies that  the competitor y will result 
in the extinction of indigenous pecies x, although species x maintains permanence without the 
invasion of competitor y under the common assumption (20). Our analysis can be used to gain 
insight into the effect of habitat fragmentation and ecological invasion on population growth. 
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